We present a theoretical study of the time-dependent laser alignment of molecules taking into account the hyperfine coupling due to nuclear-quadrupole interactions. The coupling of nuclear spins to the overall angular momentum of molecules significantly influences their rotational dynamics. Here, we systematically analyze the impact of the nuclear-quadrupole coupling on the rotational dynamics of the linear I2 and the asymmetric-top diiodobenzene molecule induced by external laser fields. We explore different regimes of pulse shapes and laser-pulse intensities and detail under which conditions the quadrupole coupling cannot be neglected in the description of the laser alignment of molecules.
Controlling the rotational motion of molecules with external electric fields is among the most interesting goals in physical chemistry. The simplest approach to theoretically describe this field-induced control relies on applying the rigid rotor approximation. For many molecular species, this approach has been shown to be sufficient [1] [2] [3] [4] [5] , even for some floppy molecules [6] . However, the coupling of the overall angular momentum to additional angular momenta or internal rotations cannot be neglected under certain circumstances. For instance, it has been shown that coupling of nuclear spins and the overall angular momentum can have a significant impact on the rotational dynamics on experimentally relevant timescales [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Fixing molecules in space, i. e., aligning and orienting them [16] [17] [18] , is of particular interest among rotational control schemes as it reduces the blurring of experimental observables caused by averaging over the random orientations and allows to obtain information in the molecular frame [19] [20] [21] . Molecules can be aligned by subjecting them to nonresonant laser fields. If the laser pulse is switched on slowly compared to the molecular rotational period, adiabatic alignment is achieved. On the other hand, by using short laser pulses, coherent superpositions of field-free rotational states are created. The wavepackets rephase periodically and show revivals of the alignment in field-free space [1, [22] [23] [24] . Such coherent superpositions can also be obtained by shaped laser pulses which are turned off rapidly compared to the rotational period of the molecule [25] [26] [27] [28] [29] .
Recently, it has been shown that the impulsive alignment of I 2 molecules can only be described accurately if the nuclear-quadrupole coupling is taken into account [30] . Here, we systematically analyze the impact of this coupling for different laser intensities and pulse shapes for both linear and asymmetric top molecules using I 2 and 1,4-diiodobenzene as examples. Our results thereby serve as a guideline to understand under which circumstances the quadrupole coupling has a significant influence on the rational dynamics.
In I 2 and 1,4-diiodobenzene (DIB), the interaction between the nuclear quadruple moments of two equivalent iodine 127 I nuclei and the electric field gradients, arising from the charge distributions of the surrounding nuclei and electrons, lead to the well known hyperfine splittings of the rotational energy levels. Each rotational level of the molecule is thus split into a maximum of 36 sub-levels, labeled by the quantum number F of the total angular momentum operator F = J + I, where J is the rotational angular momentum neglecting the spin, which for the molecules considered here is the angular momentum of overall rotation. Here, I = I 1 +I 2 is the collective nuclear spin angular momentum operator with I 1 = I 2 = 5/2 and thus 0 ≤ I ≤ 5.
The theoretical model to describe the nuclearquadrupole interactions has been described before [31] . Briefly, within the Born-Oppenheimer and semirigid-rotor approximations, the field-free Hamiltonian can be written as
where H rot is the semirigid-rotor Hamiltonian. The molecule-fixed frame (MFF), x, y, z, is defined by the principal axes of inertia. In the second term, Q(l) is the nuclear-quadrupole tensor of the l-th iodine nucleus and V (l) is the electric-field-gradient tensor at the instantaneous position of the corresponding nucleus. The elements V ij (l) (i, j = x, y, z) and all relevant molecular parameters are provided in the supplementary material. The interaction of a molecule with a nonresonant laser field, linearly polarized along the laboratory-fixed Z axis, is given by
where α ZZ is the element of the polarizability tensor of the molecule along the laser polarization axis. The polarizabilities defined in the laboratory frame are directly arXiv:1911.12270v1 [physics.chem-ph] 27 Nov 2019
transformed to the molecular frame α ij (i, j = x, y, z) [32] , see supplementary material.
To study the rotational dynamics of I 2 and DIB, we solve the time-dependent Schrödinger equation (TDSE) for the full Hamiltonian
The time-dependent wave function is built from a superposition of the field-free spin-rotational eigenfunctions of H mol ; see supplementary material. The time-dependent coefficients are determined by numerical solution of the TDSE using the split-operator method using RichMol [32] . The alignment is quantified by cos 2 θ , with the Euler angle θ between the molecule-fixed z and the laboratoryfixed Z axes.
Adiabatic alignment We considered a linearly polarized laser pulse with a Gaussian envelope I(t) = I 0 exp −4 ln 2t 2 /τ 2 FWHM , where τ FWHM = 8 ns and I 0 = 2 × 10 11 W/cm 2 . For the rotational temperature T rot = 0 K, we assumed that all hyperfine states corresponding to the rotational ground state J = 0 were populated according to their statistical weights. For I 2 , the spin-rotational states with even I have equal weights while the ones with odd I have zero weights [33] . For DIB, the Hydrogen nuclear-spin functions result in weights of 7 (3) for even (odd) I; see supplementary material. The adiabatic alignment with nuclear-quadrupole coupling was computed by averaging over individually obtained alignment results for the 15 (36) initial nuclear-spin states of I 2 (DIB).
As the interaction of the external electric field with the polarizability of the molecules is much stronger than the quadrupole interaction, the influence of the nuclearquadrupole coupling is negligible for both molecules. At the peak intensity, we thus obtained cos 2 θ = 0.946 and cos 2 θ = 0.988 for I 2 and DIB, respectively, both, including and neglecting the quadrupole coupling.
Impulsive alignment We analyzed the impulsive alignment induced by short (τ FWHM = 1 ps) nonresonant linearly polarized laser pulses with Gaussian envelopes. We compared the post-pulse dynamics including and neglecting the nuclear-quadrupole coupling for the rotational gound states, i. e., T rot = 0 K. To allow for a better comparison of the alignment with and without the coupling, we used initial states with well defined rotational quantum numbers, i. e., uncoupled states |IM I |00 (|IM I |0 00 0 ) for I 2 (DIB), and averaged over the results for the different spin isomers, see above. We point out that the corresponding field-free eigenstates have contributions of J > 0 rotational states, which might lead to additional differences in the dynamics. To solve the TDSE, we projected each initial state onto the field-free eigenbasis. Fig. 1 shows the post-pulse alignment for (a-d) I 2 for intensities 3 × 10 11 W/cm 2 < I 0 < 3 × 10 12 W/cm 2 and (e-h) DIB for intensities 10 11 W/cm 2 < I 0 < 10 12 W/cm 2 as a function of time in units of the rotational periods, τ rot = 446.98 ps and τ rot = 3187.48 ps for I 2 and DIB, respectively. The post-pulse alignment simulated without the quadrupole interaction shows typical revival structures for rotational wave packets induced by short laser pulses. For the smallest intensities, Fig. 1 a, e, the field-dressed dynamics is dominated by a few low-energy rotational states and cos 2 θ oscillates with the period τ rot . For DIB and I 0 = 10 11 W/cm 2 , contributions of rotational states with K a > 0 are negligible and the post-pulse dynamics is similar to the one of the linear molecule I 2 . With increasing intensity I 0 , more highly excited rotational states are involved in the dynamics. The rotational dynamics of DIB in Fig. 1 h shows a decrease of the peak alignment over time resulting from the asymmetry splitting of rotational states with K a > 0 [2, 34] .
The effect of the nuclear-quadrupole coupling on the alignment depends strongly on the laser intensity. For the low intensities in Fig. 1 a, e it is strongest and the field-free alignment decreases over time for both I 2 and DIB. However, during the short pulse the quadrupole interaction plays a negligible role for both molecules and the laser field only affects the rotational part of the wave packet, leaving the nuclear spin quanta unchanged. As a consequence, the alignment traces with and without the quadrupole coupling are very similar to each other directly after the laser pulse. This also holds for higher laser intensities.
For DIB, the alignment then decreases quickly after the pulse, while for I 2 the rotational dynamics starts to differ at t ≈ τ rot /2. This decrease in the field-free alignment for small intensities can be rationalized in terms of the hyperfine energy levels of the Hamiltonian (1). For the low-energy rotational states, which contribute most to the dynamics in Fig. 1 a, e, the hyperfine-splitting patterns depend strongly on J. These irregular patterns introduce incommensurate frequencies that lead to a dephasing of the wave packet, thus preventing strong revivals of the alignment. In contrast to I 2 , for DIB the energy differences of hyperfine components within the low-energy rotational states are similar to the energy differences between the rotational levels themselves and strong inter-J coupling is observed in the spin-rotational states. As a consequence, the alignment of DIB is affected much more strongly and faster, with respect to the rotational timescale, than it is for I 2 .
The influence of the quadrupole coupling can also be interpreted using a classical picture. The precession of I and J around F results in a variation of their projections M J and M I , leading to a decrease of the alignment. In addition, the magnitudes |I| and |J | are changed over time by the quadrupole coupling, further affecting the rotational dynamics. Note that for I 2 , the changes in |J | are very small but a change in |I| stills affects the spatial orientation of J , since the total angular momentum F is preserved.
As the laser intensity was risen, Fig. 1 b-d , f-h, the influence of the quadrupole interaction diminished for both molecules. In Fig. 1 d, h , minor differences can only be observed after the first rotational period. For these strong fields, highly excited states with up to J ≈ 44 (and K a ≈ 10 for DIB) dominate the post-pulse dynamics, for which the hyperfine patterns become increasingly uniform [35, 36] . For these large J, the matrix elements of cos 2 θ that contribute significantly to the alignment are those between field-free eigenstates with ∆F = ∆J and the same nuclear-spin contributions. Since the hyperfine energy shifts are approximately the same for these states, their energy gaps are very similar to those between the corresponding rotational levels. As a result, we observe only a very weak dephasing in Fig. 1 d, h .
If field-free eigenstates are used as initial states the averaged alignment results for I 2 do not differ significantly from the result in Fig. 1 . For DIB on the other hand, we observe small deviations originating from a considerable mixing of different J-states in the hyperfine eigenstates, modifying the initial rotational wave function. The impact of the quadrupole interaction is, however, qualitatively the same. The different sets of initial states can only be considered equivalent when the result is averaged over all different spin isomers and M -states for a given rotational level. Individual eigenstates are in general linear combinations of uncoupled states with different values of I, M I and M J , even if the coupling of different J-states by the quadrupole interactions is neglected.
Truncated pulse alignment For asymmetric top molecules, truncated laser pulses typically allow to obtain larger degrees of field-free alignment than short laser pulses, taking advantage of the initial adiabatic alignment [25, 29] . Here, we consider a laser pulse with a rising and falling edge, both with a Gaussian shape corresponding to τ FWHM = 600 ps and τ FWHM = 2 ps, respectively, and a peak intensity of I 0 = 5 × 10 11 W/cm 2 .
The alignment results for I 2 and DIB as a function of t/τ rot are shown in Fig. 2 a, b , respectively. For both molecules, strong alignment was reached before the cutoff of the laser field with cos 2 θ close to 1. As in the adiabatic regime, the effect of the quadrupole coupling on the degree of alignment is very weak in the presence of the field. After the laser field is switched off, the quadrupole- free alignment shows a typical revival structure. For the linear I 2 molecules, cos 2 θ at the full revival t = τ rot reaches the same value as during the pulse, cos 2 θ = 0.96. Analogous behavior was observed for DIB with cos 2 θ = 0.98. Note that such high degrees of the postpulse alignment for DIB are generally possible because the molecule is a near symmetric-top with only small populations of states with K a > 0, effectively reducing the dynamcis to that of a linear rotor. Generally, the peak alignment of asymmetric top molecules at the full revival does not reach the same value as at the peak intensity of the truncated pulse [27, 29] .
For both molecules, the dephasing due to the nuclearquadrupole coupling is comparable to the impulsive alignment case with intermediate intensities, see Fig. 1 b, f. For DIB, the inter-J coupling due to quadrupole interaction noticeably influences the populations of rotational states during the pulse, where the dynamics shows nonadiabatic behavior. The alignment then starts to slightly deviate from the quadrupole-free results directly after the truncation of the laser field. By including the coupling, the strongest peak alignment was observed at the full revival t = τ rot with cos 2 θ = 0.85 (0.84) for I 2 (DIB), which is larger than the peak alignment obtained in the impulsive regime, see Fig. 1 d, h . However, the enhancement of the post-pulse alignment by using truncated laser pulses instead of impulsive-kick pulses was much smaller than without the quadrupole interaction.
Post-pulse dynamics of excited rotational states While state-selected molecular beams [20, 24, [37] [38] [39] [40] [41] ultracold-molecules techniques [42, 43] can produce near-0 K samples, this is not generally feasible, especially not for the heavy organic molecules discussed here. Therefore, we investigated the impulsive-alignment dynamics for several initially excited states of I 2 and DIB. Since comparable results were obtained for both molecules, we focus our analysis on DIB, namely the rotational states |J KaKc , M J = |3 13 , 2 and |4 40 , 0 . For both excited states, we observe a qualitatively similar influence of the quadrupole coupling as for the rotational ground state. For I 0 = 1 × 10 11 W/cm 2 , cos 2 θ in Fig. 3 a approaches 1/3 on timescales similar to the one in Fig. 1 e. For the higher intensity I 0 = 1 × 10 12 W/cm 2 , we find a more significant decrease of the post-pulse alignment for the initial state with J = 4, M J = 0, Fig. 3 b than for the rotational ground state, Fig. 1 h. This can be attributed to the populations of field-free eigenstates, which are shifted toward smaller values of J for |4 40 , 0 . However, for other excited states the impact of the quadrupole coupling for higher laser intensities can be smaller, as is the case for |3 13 2 . Thus, for a thermal ensemble of molecules, we expect a small influence of nuclear-quadrupole interactions on the post-pulse alignment induced by strong laser fields. However, to accurately describe the alignment the coupling cannot be fully neglected even in this regime. Furthermore, on longer timescales even small frequency shifts will lead to a significant decrease of the alignment [30] .
In conclusion, a significant dephasing of rotational wave packets was observed in the post-pulse dynamics for different laser-field shapes and intensities. The influence on the degree of alignment is the largest if low-energy, small-J rotational states dominate the dynamics and diminishes for highly excited states. For initially excited rotational states, the quadrupole coupling has a similar effect on the post-pulse dynamics as for the rotational ground state, which we expect to hold for thermal ensembles as well. Adiabatic alignment is essentially not affected by the nuclear-quadrupole interactions.
Our results emphasize the need to take into account the nuclear-quadrupole interactions in the description of field-free alignment for molecules with heavy nuclei with large nuclear quadrupoles. Since many biomolecules include such heavy elements, we plan to investigate other molecular species and their properties including rotational constants and molecular symmetry in the context of nuclear-quadrupole interactions.
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